In an actively driven rotary tool, the principal cutting force and tool tangential force are measured based on the power consumption of the main spindle and the tool spindle, respectively. In rotary turning, the principal cutting force, extent of chip flow angle change, and chip thickness are typically independent of tool rotation direction either clockwise or counterclockwise. The high-efficiency reciprocating turning can be regulated such that the tool tangential force acts in direct opposition to that of the feed force. In addition, cutting scenarios where the continuous chip is broken by the chip breaker are investigated using high-speed cameras.
Introduction
Turning with a spinning insert called a rotary tool, the cutting tool is expected to improve the tool life and/or productivity in case of difficult-to machine materials. In a turning operation, the round cutting tool is subjected to thermodynamic cycles characterized by intermittent heating and cooling, which reduces the tool temperature and tool wear.
This research explores the turning of actively driven rotary tools (ADRTs) as shown in Fig. 1 . The tool is powered externally by a programmable spindle. This turning process is performed using a mill-turn machine or a multiaxis turning center. In previous research, the tool temperature at the flank face was measured using a fiber-coupled two-color pyrometer during turning of stainless steel (JIS SUS304 / X5CrNi18-10). The tool temperature decreases with an increase in the tool rotational speed, until the speed exceeds a certain value. This is caused by friction buildup between the tool and chip. There is an optimum tool rotational speed at which the tool temperature is minimized, dependent on cutting conditions. Internal and external minimum quantity lubricant (MQL) supply turning tests under more extreme cutting conditions were also performed. Low tool wear is obtained with an internal MQL system, where oil mist is supplied to the entire round cutting edge.
The objective of this study is to investigate the kinematics of ADRT processes. The influences of cutting variables such as the tool revolution speed and direction of tool rotation are discussed. The principal cutting force, tool frictional tangential force, chip flow angle, and chip thickness are also examined. Based on the fundamental cutting characteristics of the ADRT, a high-efficiency reciprocating turning method is proposed, which requires only a small force in the feed direction. In addition, the cutting conditions where the continuous chip is broken by the chip breaker are also examined.
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Cutting Force Measurement
In ADRT turning, both the tool and workpiece rotate, so it is difficult to measure the cutting force using conventional dynamometry. Therefore, the principal cutting force (Fp) and tool frictional tangential force (Ft) are measured based on the power consumption of the main spindle (Pw) and tool spindle (Pt), respectively. The relationship between the power consumption and cutting force is explained based on data from the following preliminary experiments.
Calibration of principal cutting force
For the calibration of the principal cutting force (Fp), a conventional turning test with a single-point cutting tool is performed, in which Fp is measured using a strain-gauge dynamometer ( Fig. 2(a) ). The power of the spindle motor is easily determined by measuring the current and corresponding voltage of a two-line three-phase AC motor circuit (Blondel's theorem) .
Figure 3(a) shows the relation between the principal force Fp and Pw/vw, where Pw represents the main spindle power and vw is the cutting speed. The figure depicts a nearly linear relationship between Fp and Pw/vw. It should be noted that Hosokawa,Yoshimatsu, Koyano, Furumoto and Hashimoto, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) Fp can be obtained using the formula Pw/(π·dw·nw), implying that the relation in Fig. 2(a) is satisfied for a wide range of workpiece diameters (dw) and revolutions (nw), regardless of the work material. This enables the principal cutting force in the ADRT in terms of the spindle motor power to be calculated with a high degree of accuracy.
Calibration of tool frictional tangential force
To calibrate the tool frictional tangential force, the electroplated CBN grinding wheel is used as a cutting tool as constant, not intermittent, forces need to be measured. As shown in Fig. 2(b) , the three-axis piezoelectric dynamometer is mounted on the fixed cylindrical base plate. Plunge grinding of the thin steel plate, which is set on the dynamometer, is then performed. The relation between the tool tangential force Ft and Pt/vt is displayed in Fig. 3(b) . Here Pt is the consumed power of the tool spindle and vt is the tool peripheral speed. As shown in Fig. 3(b) , an approximate linear relationship between Ft and Pt/vt is observed. The tool tangential force in the ADRT, with respect to the tool motor power, can be determined with a high degree of accuracy.
Experimental Procedure
The testing platform is a mill-turn machine (Mori Seiki: NL2000Y/500) equipped with a milling function on a Design, Systems, and Manufacturing, Vol.12, No.5 (2018) numerical control lathe. A rotary tool is attached to the milling spindle head, rotating around the Y-axis and moving linearly to the X-, Y-and Z-axes as shown in Fig. 1 . Dry and MQL turning tests of austenitic stainless steel (JIS SUS304 / ISO X5CrNi18-10) are performed under varying cutting conditions. The round insert is multilayer physical-vapordeposited (Ti, Al, Si) N-coated carbide.
In this study, two types of turning experiments are performed. In the first experiment (Exp. (1)), the effects of the tool rotational direction, both clockwise (CW) and counterclockwise (CCW) on the fundamental cutting characteristics, are examined to explore the possibility of high-efficiency reciprocating turning.
In the second experiment (Exp. (2)), the reliability of the chip breaker is verified. Cutting conditions under which a continuous chip is broken by a chip breaker are examined. The experimental conditions for both Exp. (1) and Exp. (2) are summarized in Table 1 .
Experimental Results -Proposition of reciprocating turning 4.1 Chip flow angle
From a geometric point of view, turning with a rotary tool is analogous to oblique cutting. In such a cutting process, the chip flow angle is one of the most important parameters for the cutting mechanism because of the effective rake angle provided. Figure 4 shows a chip flow model in the ADRT and snapshot image of the high-speed camera. The cross-sectional image of the chip is also presented in Fig. 4 . The chip flow angle (θ) is defined as the angle between the chip flow and vertical direction (Fig. 4(b) ). Figure 5 shows the relation between the chip flow angle θ and tool rotational speed vt, where CCW tool rotation is selected. It should be noted that the chip flow angle decreases almost linearly with the tool rotational speed, where the symbol  denotes the theoretical chip flow angle determined by Colwell in conventional turning (vt=0). This finding demonstrates the power of friction (friction force  peripheral tool velocity) in shifting the chip flow direction, increasing it as the tool rotational speed increases. However, the fundamental chip formation characteristics do not appear to change with the tool rotation direction. When the relation between |θ -θ0| and |vt| is plotted, almost all the data are positioned on the same line, regardless of the tool rotational direction, CW or CCW. Here, θ0 is the chip flow angle at vt =0 as indicated in Fig. 5. Figure 6 shows the relationship between the chip thickness (tc) and tool peripheral speed (vt) for both CW and CCW rotation. In the figure, the chip thickness in conventional turning is also shown. In most instances, the chip thickness decreases as the tool peripheral speed increases. This result suggests that the shear angle increases as the tool rotational speed increases; i.e., the effective tool wedge angle decreases. The chip thickness appears to be influenced by the cutting Hosokawa,Yoshimatsu, Koyano, Furumoto and Hashimoto, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) temperature except when the tool peripheral speed (vt) is greater than 100 m/s. Further investigation needs to be performed for confirmation. However, the chip thickness is typically independent of the tool rotational direction, similar to the chip flow angle.
Chip thickness

Cutting force
Based on the techniques described in chapter 2, the principal cutting force F p and tool frictional tangential force F t are measured in the ADRT. The variations in Fp and Ft with the tool peripheral speed (vt) are shown in Fig. 7 for both CW and CCW rotations. The tool rotational speed is varied such that tool-work revolution ratios (nt/nw) were set at values of 1/4, 1, 2 and 4. The principal cutting force decreased from approximately 1.8 to 1.5 kN as the tool peripheral speed increased. This result highlights the advantage of the ADRT as compared to conventional turning. The results in Figs. 5 and 6 highlight the chip flow direction changing in the direction of tool rotation. In addition, the chip thickness Chip breaker reduces the radius of chip curvature quickly and increases it again after the groove chip breaker passes under the chip.
Hosokawa,Yoshimatsu, Koyano, Furumoto and Hashimoto, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) decreases as the tool rotational speed decreases and the cutting formation appears to shift to an oblique cutting. As a result, the tool rotation has the effect of increasing the shear angle and reducing the cutting force.
On the other hand, the tool tangential force Ft increases slightly as vt increases. This is attributed to the increase in friction force between the rake face of the tool and chip. It should be noted that the maximum tangential force does not exceed 0.3 kN at high tool revolution speeds, and its value is comparable in magnitude to the feed force Ff () of conventional turning with round inserts (Fig. 7) . This result suggests that the tool tangential force can compensate for the feed force if the tool rotational direction is set properly with respect to the feed direction.
Overall, both the cutting force and friction force are, for the most part, independent of the tool rotational direction, as in the case of the chip flow angle and chip thickness.
Proposal of high-efficiency reciprocating turning
From the findings discussed in the above paragraphs, it is surmised that the cutting characteristics, i.e. cutting force, extent of chip flow angle change, and chip thickness are typically independent of the tool rotational direction. In addition, it is assumed (see Fig. 7 ) that the friction from the tool tangential force can compensate for the feed force. Figure 8 demonstrates four types of cutting styles where the direction of the tool tangential force and feed force are shown. Based on the above fundamental cutting characteristics of the actively driven rotary tool, a high-efficiency reciprocating turning of difficult-to-machine materials is proposed: CW tool revolution in left-hand turning and CCW tool revolution in Fig. 10 Typical chip forms produced in the actively driven rotary turning process for various cutting conditions. Chips can be broken for each revolution of the tool using the chip breaker under given cutting conditions, whereas only continuous chips are produced with the ordinary tool. Hosokawa,Yoshimatsu, Koyano, Furumoto and Hashimoto, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) subsequent right-hand turning scenarios, enabling a small force to be applied on the tool in the feed direction.
Experimental Results -Cutting with chip breaker insert
In the hard turning of austenitic stainless steel SUS304 with the ADRT, a continuous chip is generally produced (Fig.  4) . A long and continuous chip can cause problems if it entwines around the cutting point and prevents the entry of the cutting fluid into the tool-work contact region. This can cause deterioration of the machined surface. Such problems considerably affect the efficiency of the overall cutting process because of the difficulty in automatic processing. Chip breaking is therefore an important procedure in a high-efficiency turning process. Figure 9 (a) represents the geometry of the chip breaker developed by Sumitomo Electric Hardmetal Co., Ltd. This tool has a single hollow on the rake face near the cutting edge. The chip-breaking mechanism is shown in Fig. 9(b) . The arrows in the figure indicate the chip flow routes for the two types of rake faces: first, with a groove type chip breaker () and the second, without a chip breaker (). As shown in the figure, the chip breaker reduces the radius of chip curvature quickly and increases it again after the groove chip breaker passes under the chip. This rapid change in chip curvature facilitates chip breaking for the work-hardened stainless steel. Figure 10 displays the typical chip forms produced in the actively driven rotary turning process for various cutting conditions. As shown, chips can be broken for each revolution of the tool using the chip breaker under given cutting conditions, whereas only continuous chips are produced with the ordinary tool. The high-speed camera reveals the chip breaking process (Fig. 11) . The chip breaks just after the chip breaker passes under the flowing chip. The FEM analysis of ADRT under the same conditions as those of experiment are presented in Fig. 12 . This simulation results indicates that the curl radius of the chip decreases just after the groove chip breaker passes under the chip. These phenomena shown in in Figs. 11 and 12 coincide with the chip-breaking model in Fig. 9(b) . Figure 13 shows a typical chip-breaking chart at vw=100 m/min and nt/nw=1 for both dry and MQL turning scenarios. This diagram is obtained via cutting experiments with various depths of cut (a) and feed rates (f). As can be seen, chip breaking does not occur at low feed rates and small depths of cut. The curves in the figure indicate the constant maximum undeformed chip thickness (tmax) and the boundary line at which the chip breaks, approximately 500 µm in this study. The positional relationship between the undeformed chip cross section and chip breaker is illustrated in Fig. 13 . Based on the observation of the rake face of the tool, the chip came into contact with the bottom or lateral face of the hollow when the chip was broken. Of course, the chip breakability depends considerably on the chip thickness, chip flow angle, cutting temperature, and properties of the workpiece material. In addition, when the tool rotational speed increases, the area of f-a at which chip breaks decreases. Figure 14 shows the 3D diagram in which the boundary plane at which the chip breaks for various cutting conditions f, a, and vt. Consequently, chip breaking is possible under a wide range of Chip breakability depends on the combination of feed rate and depth of cut. The boundary line at which the chip breaks is found to be closely related to the maximum undeformed chip thickness tmax. 
